A few years ago, while applying to run a conference for undergraduates, one of the authors wrote, "Mathematical physics lags behind other subfields of mathematics in participation of women." Our grants coordinator asked for a citation; to our surprise, we found that only very general statistics for the participation of women in research mathematics, along the lines of "algebra" versus "geometry", were available. Nevertheless, mathematical folklore is full of more specific speculation about women's research participation, such as "Women show a distinct preference for discrete mathematics over analytical fields" (reported in [Mur01]). In this essay, we provide a detailed comparison of the fraction of women working in different subfields of mathematics, using data from the arXiv preprints server. Our measurements are a first effort at testing hypotheses about the participation of women in subfields of mathematics. We take the hypothesis that subfields linked to physics have fewer women as a particular case study.
may allow women in these fields to devote more mental energy to their work, allowing them to produce more and better work than women in fields where they are less represented. Women in fields with lower representation of women may experience greater stereotype threat. Stereotype threat refers to the awareness that poor performance may reinforce others' negative stereotypes about your group. It creates added pressure to perform, and tends to decrease performance ( [SSQ99] ).
Research shows that diverse teams are more innovative. In academia, Freeman and Huang ( [FH15] ) have shown that papers with ethnically diverse co-authors are published in higher-impact journals and receive more citations (even controlling for past publishing records of the authors). In industry, male groups of engineers have designed products that fail, sometimes catastrophically, when women use them. Examples range from voice-recognition systems that could not process female voices, to airbags designed for the average male body that injured women when inflating (see [MF02] ). Thus, recruiting more women to STEM fields may be advantageous for the fields as a whole.
The authors of [LCMF15] showed that underrepresentation of women among Ph.D. recipients in a field is highly correlated with the belief that brilliance is necessary to succeed in that field. Furthermore, belief that a field requires brilliance was a better predictor of the fraction of women in that field than other plausible hypotheses. For example, though one might hypothesize that women prefer fields of research with flexible hours to fields that require long hours working in a scientific laboratory, this would not explain the low numbers of women in computer science and comparatively high numbers of women in chemistry. In the [LCMF15] study, mathematicians were more likely than academics in other STEM fields to agree with statements such as "Being a top scholar of [discipline] requires a special aptitude that just can't be taught". Indeed, the only academic field whose members thought it demanded more brilliance than mathematics was philosophy.
Nosek and Smyth [SN15] used the Implicit Attitudes Test, a test of response speed in categorizing terms, to investigate people's implicit or unconscious associations between science and gender. They found that women in STEM fields demonstrate lower levels of implicit science-is-male stereotyping than women in non-STEM fields, and suggest that a strong association between oneself and science could partially counteract the effects of cultural stereotypes. Another possibility is that lower levels of implicit stereotyping may contribute to women's interest, or expectations of success, in STEM fields. Nosek and Smyth also found lower levels of implicit stereotyping among women with PhDs in the physical sciences and engineering, compared to women with Masters degrees in the same fields. However, the opposite association held among women in the biological sciences, where women are less underrepresented. This could indicate that women with higher levels of implicit stereotyping are less likely to pursue doctoral degrees in fields where women are underrepresented.
Not only does the representation of women vary between STEM fields, it varies within the field of mathematics and statistics. Women received 44.5% of the Ph.D.s in statistics and biostatistics in 2012-2013, for example, but only 17.0% of the Ph.D.s in analysis. We wish to develop methods to measure the participation of women in different subfields of mathematics. Subfields that are particularly successful in recruiting, retaining, and fostering research productivity of women might provide recruitment models for other fields of mathematics; conversely, women in subfields with very low participation of women might benefit from extra support. Furthermore, many existing efforts to promote the participation of women in mathematics are subfield-specific. For example, the Association for Women in Mathematics has received an NSF ADVANCE grant to sponsor Research Collaboration Conferences for Women in specific subfields such as number theory and algebraic combinatorics (see [AWM15] ). Measurements of the research productivity of women in specific subfields are important for directing these efforts and assessing their impact.
We may use the American Mathematics Society's annual survey of new Ph.D.s ( [VMR14] ) to gain a general picture of the participation of women in different fields of mathematics. The AMS data for the academic year 2012-2013 is summarized in Table 2 . We see immediately that women are comparatively well represented in applied subfields, including applied mathematics, statistics and biostatistics, and optimization, and badly represented in analysis and probability. If we compute the representation of women in pure mathematics using the AMS Ph.D. data, omitting statistics and biostatistics, applied math, and math education, we see that women represent approximately 23.4% of new pure mathematics Ph.D.s. Our computations show that the fraction of women receiving Ph.D.s in pure mathematics is comparable to the fraction of women receiving Ph.D.s in physics and computer science, and is significantly lower than the fraction of women receiving Ph.D.s in the biological sciences.
The greater participation of women in statistics and biostatistics may be driven by the large number of biological applications of statistics. The [LCMF15] survey showed that statisticians place a lower emphasis on brilliance than mathematicians; thus, statistics may seem more accessible to women. Similarly, the high fraction of women in math education may be related to the large number of women interested in education more generally, or to the perception that education requires less brilliance than pure mathematics. Though intriguing, the AMS data is not fine-grained enough to detect differences in the participation of women in pure mathematics. For example, commutative algebraists and analytic number theorists will take different courses in graduate school, attend different conferences, and publish in different journals, but recent Ph.D.s from both groups are classified as Algebra/ Number Theory in the AMS statistics. We use data from the arXiv preprints server (http://arXiv.org/) to compare the participation of men and women in different mathematical subfields. This measures a somewhat different metric of participation than the AMS data: The AMS data focuses on the fields to which new Ph.D.s "belong", on the basis of their research focus in graduate school, while data from the arXiv combines information about representation or "belonging" in a subfield with information about research productivity, as measured by number of manuscripts posted to the arXiv.
Field of Mathematics

Mathematics and the arXiv
The arXiv hosts electronic preprints, or "e-prints", in physics, mathematics, computer science, quantitative biology, quantitative finance, and statistics. The roots of the arXiv lie in a 1989 string theory conference; after the conference, the astrophysicist Joanne Cohn emailed related papers to a group of interested scientists. Her mailing list quickly grew. In 1991, Paul Ginsparg created the website and interface for the arXiv, which he hosted at his workplace, the Los Alamos National Labs. Since 2001, Ginsparg and the arXiv have been based at Cornell University. (For more comments on the history of the arXiv, see [Gin11] ).
In its early days, the arXiv focused on theoretical physics papers. It became an official repository for mathematics papers in 1995. To this day, physicists and mathematicians are more likely to post papers to the arXiv than scientists in other disciplines [LSMMCT13] . In a survey of 584 authors with papers indexed by the Web of Science's Science Citation Index in the subject areas "Mathematics", "Mathematics, Applied", and "Statistics & Probability", Kristine Fowler found that 56% of mathematicians have posted at least one paper to the arXiv, with about 30% of mathematicians routinely posting preprints [Fow11] . These results may give extra weight to tenured faculty, who were more likely to retain the same email address between when their paper was published and when they were contacted for the survey. Many mathematicians who post preprints to the arXiv cite the early dissemination of research findings, and the better availability and visibility of both published and unpublished work, as motivations for using the arXiv. Others don't see a reason to post to the arXiv, due to their satisfaction with traditional publication methods or due to uncertainty about whether posting to the arXiv is allowed by the journals in which their papers are published [Fow11] .
One potential concern for authors about posting preprints on the arXiv is the lack of peer review. This may be a particular concern in the General Mathematics category, which contains a disproportionate number of claims by amateur mathematicians. However, authors who make use of the arXiv are typically not worried about the lack of peer review, as errors could be detected by any of hundreds of people who receive a paper's abstract through the arXiv's email notification service [Jack02] .
We use arXiv postings to analyze mathematicians' participation in different subfields of mathematics. Counting postings to the arXiv measures how frequently mathematicians create and share research. Of course, research is only one of a mathematician's duties: teaching, institutional service, mentoring, outreach, and service to the profession are all important parts of mathematicians' professional identities. Depending on an individual's interests or the requirements of a specific job, teaching or service may demand more time and attention than research. We assume that active mathematics researchers share papers based on their research from time to time; for this reason, we believe arXiv postings are a good proxy for the actual membership of a subfield. However, inactive researchers might still identify with a subfield, and could have impact on its development by teaching related courses and mentoring emerging researchers; because our measurements are based on sharing of papers, they may not detect these more personal affiliations.
Of course, productivity as measured by rate of posting or publishing papers is not the only way to assess the impact of a researcher's work. Other measurements include citation rates, grant funding, journal editorships, and invited talks. Analyses of such measures have detected differences in the way men and women in mathematics are recognized. For example, Greg Martin argues in [Mar15] that low rates of women speakers at the 2014 International Congress of Mathematicians and Joint Mathematics Meetings reflects bias in the training and evaluation of mathematicians; similarly, Topaz and Sen suggest in [TS16] that the low representation of women on editorial boards of mathematics journals both reflects and maintains inequities in the profession.
In our analysis, we use a dataset of arXiv papers collected by the data scientist Emma Pierson. Pierson collected 938,301 papers posted to the arXiv between its creation and July 2014. She used a list of more than 40,000 names classified by native speakers to infer the gender of each author, based on given name [Pie14a] . Papers on the arXiv may be cross-posted to several categories. We extracted the papers where the primary or first category included Mathematics, such as Mathematics -Geometric Topology or Mathematics -Dynamical Systems, and classified these papers according to the subfield of their primary category. This resulted in 174,074 mathematics papers.
The number of papers in each mathematics category in our dataset is listed in Table 3 . Mathematicians mention standard practice in their fields as a reason both for and against posting papers to the arXiv [Fow11] . This is a likely reason for differing numbers of papers from different fields. We anticipate that this factor will influence men and women in a given field equally, so standard practice in a given field will not affect the proportion of papers on the arXiv with female authors. The most popular category is Algebraic Geometry; the prevalence of algebraic geometry papers on the arXiv may be increased due to the popularity of the arXiv among physicists, and the many connections between algebraic geometry and physics research. The arXiv mathematics categories also include some entries such as Quantum Algebra with clear theoretical physics origins. The gender of many of the authors in our dataset could not be identified. This happens when a given name is used by both men and women, when a given name is not in the list of 40,000 names, or when an author uses only his or her initials. We summarize our classification of authors by gender in Table 4 . In all, authors identifiable as women make up 10.1% of all authors in our dataset, or 17.0% of authors whose gender is known. We also report the gender of paper-authors, sometimes known as authorships. For this measure, we count each author on a paper separately (for example, this paper has two paper-authors). Men  49337  178839  Unknown  40746  110828  Women  10100  25882   Table 4 : Gender Classification
Gender Authors Paper-Authors
The participation of women in the mathematics section of the arXiv has been increasing over time. We illustrate the growth in the number of female mathematics paper-authors as a fraction of all mathematics paper-authors over time in Figure 1 . We use the date a paper was first posted to the arXiv . We have omitted papers backdated to before 1995, when the arXiv officially began accepting mathematics submissions. According to a 2013 AMS survey, women hold 29% of the full-time positions in mathematics departments. However, the distribution is uneven: women hold only 22% of the full-time positions in mathematics departments granting a doctoral degree, but 35% of the full-time positions in math departments where the highest degree is a bachelor's or a master's [VMR15] . Thus, the participation of women on the arXiv is closer to the representation of women in doctoral mathematics departments than to the membership of the field as a whole. Because women hold fewer positions in research-intensive departments, women may have fewer incentives than men to publish large numbers of research papers. They may also have more difficulty accessing resources, such as funding for conference travel or course releases, that support the production and publication of research. Alternatively, women who are highly productive early in their careers might be simultaneously more likely to post to the arXiv and to attain full-time positions in doctoral departments.
Women might also choose to post papers using only their initials, in order to avoid gender bias. If so, our measure of women on the arXiv would underestimate their true participation. Emma Pierson's analysis of arXiv papers across scientific fields shows that women may be more likely than men to use only initials when posting to the arXiv (see [Pie14b] ). The use of initials rather than full names also varies by subfield; we will explore this phenomenon in more detail later in this essay.
We may compare our study of gender and mathematics on the arXiv to an analysis of gender and publishing patterns using publications recorded in the zbMATH database, which appeared while this manuscript was undergoing editorial review [MBST16] . The authors of [MBST16] studied 2,245,205 papers published in "core math journals" since 1970. They focused on authors of mathematics papers who could be uniquely identified, excluding, for example, combinations of initials and last names that could plausibly have been used by multiple people. They used a list of approximately 42,000 given names to assign gender to those uniquely identified authors whose given names were known. The fraction of ambiguous names was comparable to the fraction in our study: they write, "We were able to assign a gender to 55% of all profiles with a real first name; among those, 27,596 (19%) authors were classified as women and 116,657 as men." The authors of [MBST16] found a steady increase in the fraction of women paper-authors since 1970, which is consistent with our measurement of increasing women arXiv paper-authors since 1995.
Ranking Subfields by Paper-Authors
The average paper in our dataset has 0.149 female authors, 1.027 male authors, and 0.637 authors whose gender could not be determined automatically, for a total of 1.813 total authors. We rank arXiv categories by average number of female paper-authors in Table 5 .
We see immediately that women are especially unlikely to post in the General Mathematics category. General Mathematics contains an unusually high number of amateur claims to have proved famous conjectures; recent submissions include "A New Way to Proof 3x+1 Problem" and "The topological proof of the Poincare conjecture" (see [Zho15, Shi15] ). Thus, the underrepresentation of women in General Mathematics may not give us much information about the careers of women who are professional mathematicians.
Many of the categories in Table 5 with high average numbers of female paper-authors also have high average numbers of authors overall. In order to correct for this phenomenon, we compute a discrepancy score for each category, using the fact that 8.2% of the total paper-authors are identifiably female: discrepancy = female paper-authors − expected female paper-authors total paper-authors A discrepancy of 0 would indicate that a category was completely average for our dataset; categories with negative discrepancies have worse representation of women paper-authors than average, and categories with positive discrepancies have better representation than average. We rank arXiv mathematics categories by discrepancy in Table 6 . For each category, we also report a 95% confidence interval. We computed the confidence interval using a bootstrap method with 10,000 resamplings. This enables us to obtain confidence intervals for our novel discrepancy score, independent of assumptions about the distribution of this statistic. We may use our confidence intervals to divide arXiv categories into three groups. If the 95% confidence interval contains 0, representation of female paper-authors in that category is average, compared to other mathematics categories on the arxiv; if all elements of the confidence interval We note that the arXiv mathematics categories with the strongest links to physics, such as Operator Algebras and Quantum Algebra, are all in the Significantly Fewer group, providing statistical support for the anecdotal observation about mathematical physics which inspired this research.
Because of the increasing proportion of female paper-authors over time (Figure 1 ), we also examined the discrepancy score for each field in two separate decades The authors of [MBST16] report publications by women in different subfields using the 2010 Mathematics Subject Classification (MSC), a categorization system maintained by the editors of Mathematical Reviews (MathSciNet) and zbMATH. The MSC currently contains 63 two-digit classes, corresponding to areas of pure and applied mathematics and statistics, as well as to mathematically-oriented topics in fields such as economics and computer science. Even within pure mathematics, the arXiv and MSC categorization schemes do not always correspond directly: for example, Symplectic Geometry is a top-level category on the arXiv but a subset of 53 (Differential Geometry) in the MSC, while papers categorized as 22 (Lie Groups) in the MSC might be posted to either the Group Theory or Differential Geometry sections of the arxiv. In general terms, the MSC is both a finer and a more conservative classification than the arXiv system: the MSC provides more categories, and maintains separate categories for classical mathematics subjects such as functions of a single complex variable.
The authors of [MBST16] report the difference between the average percentage of women paperauthors publishing in each two-digit MSC category and the average percentage in their overall dataset. We provide this ranking in Table 8 . Because the zbMATH dataset is proprietary, we are not able to generate confidence intervals; instead, we simply divide the categories into lowest, middle and highest thirds by percentage of female paper-authors. Despite the differences in classification schemes, we are able to detect consensus on the role of certain subfields. For example, K-theory and complex variables have few publications by women in both our analysis and the zbMATH data, while combinatorics and commutative algebra evidence a higher rate of women paper-authors in both analyses.
Let us now investigate the phenomenon of arXiv authors whose gender is unknown in more detail. We list the top twenty given names whose gender could not be determined automatically in Table 9 . Nineteen of these names are single initials; the remaining name belongs to Saharon Shelah, an Israeli mathematician who has published more than 1000 papers. [She15] Many of Shelah's arXiv contributions are in the Logic category, but he has also posted papers in sections such as Group Theory, Combinatorics, and General Topology.
We rank arXiv categories by the fraction of paper-authors using only their initials in Table 10 . We see there is a large variation, from Logic, where only about 5% of paper-authors use their initials, to Quantum Algebra, where nearly a third of paper-authors use only their initials.
The proportion of paper-authors using only initials is associated with the discrepancy in the proportion of female paper-authors. The correlation was -0.515 (see Figure 2 ), indicating that a greater proportion of paper-authors using initials is associated with lower representation of women in the field. If women are more likely than men to use their initials on a paper, this could partially account for the below-average representation of women observed in some subfields, such as Spectral Theory and Quantum Algebra. However, it is also possible that below-average representation in a subfield could result in greater incentive for female authors to avoid gender bias through the use of initials.
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Ranking Subfields by Gender of Authors
What happens if we rank fields by the number of female authors, instead of the number of female paper-authors? Within each arXiv category, we identified authors with the same name. (Note that our method fails to recognize authors who have posted papers using different names, or different combinations of given name and initials.) The median number of papers per author within a category was 1, while the mean was 2.41 papers; the greatest number of papers per author in any single category was 348 (Saharon Shelah). Thus, though most authors post only a few papers in any given category, a few very prolific authors may distort our measurements of gender representation by paper-author. Of course, these prolific people may also be very prominent within their subfields. (Note that the most prolific author in our data set, Saharon Shelah, would not distort our measurement of gender representation, because his name was not automatically classified as either male or female.) We graph the number of authors with different numbers of papers in Figure 3 .
In Table 11 , we rank fields by the fraction of female authors out of all authors whose gender is known. Again, we compute 95% confidence intervals using a bootstrap method. Table 12 , we use the confidence intervals for fraction of female authors to divide fields into categories, based on whether the confidence interval contains the average fraction of female authors, 0.155. We see that this method of analysis places more subfields in the "Average" category than our analysis by paper-author; presumably, a few prolific people had an outsize impact on those subfields. 
Questions and Hypotheses
Our analysis shows that women are underrepresented as authors of mathematics papers on the arXiv , even in comparison to the proportion of women who hold full-time positions in mathematics departments. Moreover, our measurements demonstrate that there are significant differences in women's representation between different subfields of mathematics. These measurements corroborate the anecdotal reports of differences between mathematical subfields. A key feature of our analysis is our computation of confidence intervals using a bootstrap method. Standard measures of statistical significance, such as the chi-squared test, are not always useful when applied to very large data sets. In our case, for example, the chi-squared test tells us that every arXiv category except for Dynamical Systems, General Topology, and Symplectic Geometry has a statistically significant different number of women paper-authors from the overall arXiv average with a confidence level of p < .02. For Algebraic Geometry, to pick an arbitrary category, we have p < 10 −12 . However, algebraic geometry papers dominate our data set: we are not nearly as convinced that algebraic geometry is unusual as such a p-value might imply. By grouping subfields where confidence intervals overlap, we obtain a more robust characterization of the similarities and differences between branches of mathematics.
In many cases, our measurements of representation in specific subfields are consistent with other measurements of women's contributions to these subfields. Rates of arXiv postings often correlate with PhD topics. For example, the low rate of women PhDs in analysis matches our low measurements of women posting papers in Operator Algebras (despite the name, an analytic topic), and given the comparatively small number of women PhDs in physics, we might not be surprised to find few women posting in physics-influenced categories such as Quantum Algebra. Conversely, comparatively high rates of women PhDs in combinatorics and statistics are matched by high rates of women's arXiv postings in those areas. Though the classification schemes are different, we also find broad agreement with the measurements of women's publications by subfield in [MBST16] .
Using a finer classification scheme, we identify subfields with especially high or low representation of women whose properties are obscured in the AMS PhD data. For example, Commutative Algebra and Combinatorics are two subfields with comparatively very high numbers of women publishing. Sometimes a category that appears average in the PhD data actually combines subfields with widely differing participation of women: for instance, the Geometric Topology arXiv category (where knot theory papers are posted) has among the highest rates of women while Differential Geometry has among the lowest, but both would be classified as Geometry/Topology in the AMS PhD report.
Understanding the representation of women in different subfields of mathematics helps us to evaluate claims that specific organizations have been particularly effective or ineffective at recruiting women participants. For example, knowing the proportion of women in a particular research area allows us to judge whether a conference has made unusually successful efforts to recruit women speakers. To take a representative case, Kristin Lauter wrote in the May-June 2016 President's Report for the Association for Women in Mathematics [Lau16] :
Two long-running international biannual conferences in number theory will take place this summer featuring many more women as plenary and invited speakers than ever before: the 14th Meeting of the Canadian Number Theory Association (CNTA XIV) has 3/7 female plenary speakers and 7/21 female invited speakers; the Twelfth Algorithmic Number Theory Symposium (ANTS-XII) has 2/5 female invited speakers.
If we know only that women receive about a third of mathematics PhDs, these statistics look rather ordinary; when one realizes that number theory has below-average participation of women for a mathematics research field, a 30% or 40% rate of invited speakers seems more impressive. (Note that a truly unbiased selection of conference speakers is likely to result in a higher number of women than the population average; see [Mar15] for analysis of some specific mathematics conferences, and [Pra15] for a simulation.)
Similarly, the authors of [TS16] studied the representation of women on the editorial boards of mathematical journals. They found that the proportion of women on mathematics journal editorial boards is significantly lower than the proportion of women with faculty positions in mathematics at doctoral-granting institutions. Since one would expect journals focused on subfields with large numbers of women to have more women on their editorial boards, understanding the participation of women in different subfields is important for evaluating a journal's record. For example, Topaz and Sen write, "Within our data set, the journals published by SIAM Publications have amongst the highest representation of women." Because SIAM is a professional society for applied mathematicians, one might expect its editorial boards to reflect the greater participation of women in applied mathematics. The observation is more surprising when one realizes that even SIAM journals for low-participation subfields, such as SIAM Journal on Optimization, have an above-average fraction of women on their editorial boards. (For some reactions to Topaz and Sen's investigation from SIAM editors, see [BW16] .)
Though useful, our measurements are limited by our use of given names to determine gender. Some of the apparent underrepresentation of women on the arXiv may be accounted for by the possibility that women are more likely than men to use only their initials on papers. Because the use of initials varies by subfield, such a strategy may be more common in some arXiv categories than others. Differences in the gendering of given names across cultures, or in the names categorized in our reference data set, could introduce biases that over-or under-estimate the number of women from particular nations. Although it is expensive to do so at scale, these limitations could be reduced by researching the gender of individual mathematicians. We note that our classification also obscures the contributions of mathematicians whose gender identification is nonbinary.
Another limitation of this data set is the use of arXiv postings as a measure of a combination of representation and productivity. As discussed in Section 2, this may underestimate the contributions of mathematicians who choose not to post preprints to the arXiv, whether because they make publications available in other ways, or because they devote more of their time and energy to teaching or service than to research. We anticipate that differences in popularity of the arXiv among different fields of mathematics will affect men and women similarly, and thus have little impact on our comparisons of women's representation in different subfields. We also note that our results are most reflective of underrepresentation of women mathematicians in positions involving research productivity; other data sets, such as abstracts or lists of attendees at conferences of the Mathematical Association of America or American Mathematical Association of Two-Year Colleges, would be better suited to investigating gender distributions in primarily or exclusively teaching-oriented positions.
Our choice of classification scheme for subfields is of necessity somewhat arbitrary. A single person's research may cross the lines between different arXiv categories; on the other hand, somebody might identify with a subfield more specific than arXiv categories can reflect. Furthermore, the lines between subfields change over time, as research progresses and fashions change. Our measure takes a snapshot of approximately twenty years, but is biased toward more recent time periods, since the rate of postings to the arXiv has been increasing. As we noted in § 2, we have used posted preprints, a form of publication, as a proxy for membership in subfields. Thus, we are more likely to detect contributions from mathematicians who have the resources to publish and who participate in social structures that reward sharing preprints.
Differences in women's representation within mathematics warrant further investigation, as they may provide clues for increasing women's representation in the field, on the arXiv and beyond. What factors might affect the participation of women in specific mathematical subfields? Many mathematicians favor the mentorship hypothesis: a few good mentors can have a strong positive effect on the participation of women in a subfield. (Conversely, sexist or discriminatory actions by prominent people in a particular subfield might drive women away.) For example, Judy Green and Jeanne LaDuke argue in [GD09] that a handful of supportive advisors made algebraic geometry the most popular dissertation field for women completing Ph.D.s in mathematics before 1940.
Other mathematicians doubt that a problem exists. One possible response to observations about disproportionate representation within a field is to wonder whether there is some quality inherent to the overrepresented group which makes members of that group naturally more interested in or talented at that subject. In our context, for example, one might advocate the hypothesis that men are simply more interested in operator algebras. This proposal is belied by the varying proportions of women in STEM fields during different time periods and in different nations. Hyde and Mertz [HM09] found that the percentage of girls on International Mathematical Olympiad teams is significantly correlated with countries' Gender Gap Index, a measure of the difference in opportunities available to women and men. In our analysis, we found that the proportion of women paper-authors on the arXiv has increased over time (Figure 1 ). At every point in the past, we would have been mistaken to suppose that we had reached an upper bound on women's interest and ability in STEM; it seems egocentric for us as a society to suppose we have reached such a point now. Further, the idea that men are inherently better suited than women to a particular subfield of math is not a testable hypothesis. Other hypotheses, such as "Implementing a blind application review process will increase the proportion of women who are hired," can be tested and affirmed or refuted [AS07, BCB14] . We suggest that practices currently in place in the mathematical subfields we identified with above-average representation of women, such as geometric topology, combinatorics, and commutative algebra, will provide fruitful ground for the generation of testable hypotheses.
Differences between nations may affect the representation of women in mathematics: different countries have different rates of women's participation in mathematics, and mathematical traditions focused on different subfields. For example, the percentage of mathematicians in Italy who are female is higher than the percentage of mathematicians in the US who are female: 2005 data showed that 35% of academic mathematicians in Italy were women [HK06] . Meanwhile, Italy has a very strong tradition of research in algebraic geometry, dating back to the "Italian school" of the early twentieth century. Thus, we might expect to find comparatively high numbers of Italian women in algebraic geometry.
Even within pure mathematics, applications may play a role. We hypothesize that women are more likely to work on problems that have applications to other fields they find interesting. Therefore, on average, we should find more women working on problems with applications to biology than on problems with applications to physics or computer science. Subfields with plentiful or well-advertised applications to biology would then attract more women.
Accessibility of problems may also be important. Many women in the United States first consider academic careers in mathematics after successful undergraduate research experiences. If these women go on to specialize in similar fields, then subfields with many problems accessible to undergraduates might attract more women.
Finally, the authors of [LCMF15] showed that fields whose practitioners believe you must be brilliant to succeed have lower representation of women. Furthermore, this predicts the low representation of women in mathematics as compared to women in statistics. One might ask whether similar factors affect the participation of women in mathematical subfields: are some subfields of mathematics viewed as more dependent on unique insight? In this case, an effort to make problems in such subfields more accessible might draw more women into mathematics.
